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INTRODUCTION. 

i 

The  amplification  of  short  wavelength  coherent  electromagnetic 
radiation  by  relativistic  electrons  moving  through  a  spntially 
periodic  transverse  magnetic  field  was  first  demonstrated  at  Stan¬ 
ford  University  fl],  These  experiments  were  carried  out  using  the 
bunched  electron  bean  emerging  from  a  radio  frequency  linear  ac¬ 
celerator.  Although  the  electron  bean  quality  was  ideally  suited  to 
study  the  most  important  operating  characteristics  of  the  free  elec¬ 
tron  laser,  the  snail  amount  of  available  average  electron  bean 
current  coupled  with  only  a  snail  laser  extraction  efficiency  con¬ 
tributed  to  linit  both  the  amount  of  average  laser  power  produced 
(?=0.5  watts)  and  the  overall  operating  efficiency  of  the  device 
(e<0.1%). 

Since  the  Stanford  experiments  a  considerable  amount  of  work 
has  been  done  to  study  various  schemes  directed  toward  the  develop¬ 
ment  of  efficient  high  power  free  electron  lasers.  In  some  of  the 
schemes  high  single  pass  laser  extraction  efficiency  is  pursued  us¬ 
ing  for  example  variable  parameter  wigglers  Jt?.]  ,  constant  period 
wigglers  consisting  of  only  a  few  magnet  periods  [3]  and  constant 
period  gain-expanded  wigglers  [4J  .  In  other  schemes  the  electron 
bean  is  recirculated  several  tines  through  the  laser  interaction  re¬ 
gion  [4, 3]to  increase  total  overall  efficiency  while  retaining  the 
characteristically  snail  single  pass  efficiency  of  a  constant  period 
wiggler.  -T""/' 

( 

The  present  paper  addresses  the  problem  of  increasing  the  power 
and  efficiency  of  free  electron  lasers  from  a  point  of  view  which  is 
fundamentally  different  from  the  schemes  mentioned  above.  The 
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schemes  discussed  here  are  based  on  the  utilization  of  the  continu¬ 
ous  electron  beams  generated  by  electrostatic  accelerators.  The 
basic  idea  is  to  recover  the  energy  end  charge  of  the  electron  beam 
after  it  has  interacted  with  the  free  electron  laser.  This  scheme 
was  first  suggested  by  Madey  [6]  in  1S70  and  later  pursued  by  Elias 
[7]  in  1978  to  develop  the  two-stage  EEL  concept. 


As  will  be  discussed  in  detail 
changes  occur  as  a  result  of  recove 
electron  beam  produced  by  electrost 
average  amount  of  electron  bean  c 
the  high  voltage  terminal,  at  const 
on  typical  values  of  a  few  hundre 
average  beam  current.  Second,  e 
energy  extraction  efficiency  the 
can  be  potentially  very  high  becaus 
curing  the  electron  beam  recover 
smaller  than  the  amount  of  laser  er. 
shown  here  that  as  a  result  of  elec 
amount  of  average  laser  power  (P>’C 
overall  laser  efficiency  (e>50%) 
Ir.  addition  to  high  current  operar 
are  veil  suited  to  provide  the 
demanded  by  free  electron  lasers.  I 
operation  of  a  free  electron  1 
reduces  substantially  the  amount  of 
creed  when  the  spent  electron 
feature  alone  may  be  of  primary  imp 
ir.g  free  electron  lasers  for  corner 


in  the  next  section  two  major 
ir.g  the  energy  and  charge  of  the 
tic  accelerators.  First,  the 
rrent  that  can  be  extracted  from 
nt  voltage,  can  be  increased 
microamperes  to  several  amperes 
22  with  a  low  single  pass  FEL 
overall  efficiency  of  the  device 
the  energy  losses  occurring 
stage  can  be  made  substantially 
rgy  produced.  It  will  thus  be 
rert  beam  recovery  a  considerable 
>«)  can  be  generated  with  high 
sing  electrostatic  accelerators, 
on,  electrostatic  accelerators 
excellent  quality  electron  beans 
is  also  worth  noting  that  the 
ser  with  electron  beam  recovery 
ionizing  radiation  normally  pro- 
earn,  is  suddenly  stopped.  This 
rtance  to  those  considering  us- 
ial  or  laboratory  applications. 


Three  schemes  will  be  discussed  here:  a)  short  pulse  opera¬ 
tion  with  no  energy  recovery,  b)  C'-‘  single-stage  operation  with  en¬ 
ergy  recovery  and  c)  Cv*  two-stage  operation  with  energy  recovery. 
Also,  a  review  is  made  of  tha  electron  beam  quality  required  by  the 
FEL. 


ELECTROSTATIC  ACCELERATOR  FEL  WITH 

The  technology  of  high-voltage 
now  well  established.  Since  t'r. 
operated  quite  reliably  to  produce 
beams  of  electrons  or  ions  in  the  - 
25MV.  The  maximum  PC  beam  current 
conventional  operation  from  these 
the  maximum,  amount  of  charging  cur 
: V  terminal  charged  at  constant  c’ 
earn  current  than  the  charging  c.v.r 
tion  whereby  the  electric  potent::. 
h--r.ee  the  electron's  kinetic  a:  rr. 


:d  energy  recovery. 

electrostatic  ac  celerators  is 
e  1950 s  these  machines  have  been 
very  high  quality  continuous 
--drum  voltage  range  from  1  MV  to 
that  can  he  extracted  during 
devices  is  entirely  determined  by 
(1^.)  required  to  maintain  the 
rtri.c  potential.  Extracting  wore 
.-at  results  in  a  sit.ua-- 

of  the  li  t  gh-vol  t  age  terminal  and 
J 1  doc  rease  s  t  end  i  !  y  wi  t  h 
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tine.  During  normal  operation,  (no  energy  recovery)  these  devices 
are  capable  of  generating  on  a  steady  state  basis  from  a  few  tens  of 
nillianps  of  bean  current  at  low  voltage  to  a  few  hundred  microam¬ 
peres  at  high  voltage.  A  schematic  diagram  of  a  single  stage  free 
electron  laser  using  an  electrostatic  accelerator  without  electron 
bean  recovery  is  shown  in  Figure  1 . 


Figure  1.  An  electrostatic  accelerator  FEL  operating  with  no  beam 
recovery. 

The  high-voltage  terminal  is  charged  to  a  potential  -V  by  means  of 
an  electrically  charged  moving  belt  or  pelletron  chain.  An  electron 
gun  located  in  the  HV  terminal  produces  a  relatively  low  voltage 
electron  beam  which  is  subsequently  injected  into  and  then  ac¬ 
celerated  to  its  final  energy  by  the  constant  electric  field  of  the 
accelerating  column  shown.  After  interacting  with  the  FEL,  the 
electron  beam  is  stopped  at  the  electron  beam  dump.  There,  most  of 
the  beam's  energy  is  converted  to  heat  and  ionizing  radiation. 
Hence,  the  overall  efficiency  of  the  laser  is  low  since  only  a  small 
amount  of  energy  is  actually  converted  into  laser  radiation.  It  was 
noted  earlier  that  it  is  possible  to  increase  the  single  pass  effi¬ 
ciency  of  the  laser  by  means  of  variable  parameter  wigglers.  Howev¬ 
er,  the  amount  of  average  laser  power  obtained  in  this  conf i c,  iration 
is  still  small  due  to  the  limited  amount  of  average  current  avail¬ 
able  from  the  accelerator  in  this  mode  of  operation. 


Assuming  that  Ij.  is  the  charging  current  reaching  the  high  vol¬ 
tage  terminal  and  IR  is  the  electron  beam  current  extracted  from  the 
accelerator,  then  the  rate  of  change  of  voltage  with  time  can  he 
readily  calculated  as  follows 


dV 

dt 


^ 1  B_  *  C  ^ 
C 


(I) 


where  C  is  the  electrical  capacitance  to  ground  of  the  high-voltage 
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terminal.  Typically  C=200  picofarad.  For  constant  wavelength  opera¬ 
tions,  the  free  electron  laser  operating  in  the  single  particle  re¬ 
gime  requires  an  electron  bean  whose  energy  spread  is  smaller  than 
the  energy  width  of  the  gain  curve.  This  requirement  imposes  a 
maximum  acceptable  drop  in  the  KV  electrostatic  potential  of 


1 

2N 


(2) 


where  N  is  the  number  of  FEL  wiggler  periods.  Equation  (1)  and  (2) 
can  be  combined  to  yield  a  value  for  the  maximum  electron  pulse 
length  that  can  be  used  with  a  free  electron  laser  operating  in  this 
code: 


cv 

[AtW  =  2N~(l!g-!c) 

Before  another  electron  pulse  can  be 
terminal  value  must  be  recharged 
charging  rate  is  given  by 

dV  'c 
dt  '  C 


(3) 

initiated,  the  accelerator  KV 
to  its  initial  potential.  The 
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The  total  recharging  time  can  thus  be  calculated  combining  equations 
(2)  and  (A)  to  obtain 


[At]CH  =  CV/2N(C 


It  follows  that  the  maximum  pulse  repetition  rate  that  can  be  ob¬ 
tained  in  this  mode  of  operation  is: 

m 1  ^  (5) 
Table  1  below  summarizes  typical  operating  characteristic  of  an 

electrostatic  accelerator  FEL  when  no  electron  beam  energy  recovery 

techniques  are  used.  The  results  shown  were  obtained  using  the 

above  equations  with  C  =  200  picofarad  and  N  =  250. 


Table  1.  Performance  of  an  electrostatic  accelerator  free  electron 
laser  using  no  electron  beam  recovery  techniques. 


V 

•c 

P 

P 

lAt5MAX 

PRR 

5MV 

2A 

500vA 

20kW 

5W 

10  ^sec 

250hZ 

5MV 

I00A 

500mA 

MW 

5  V 

20x10  ^sec 

250Hz 

Clearly  a  free  electron  laser  operating  in  the  above  described 
configuration  can  be  useful  in  many  laboratory  and  commercial  appli¬ 
cations  where  laser  power  and  efficiency  in  not.  of  primary  con¬ 
sideration  and  where  sufficient  protection  exists  against  ionizing 
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radiation  produced  at  the  electron  bean  dunp.  Howaver,  if  higher 
paver  and  overall  efficiency  is  required,  then  the  electron  bean  en¬ 
ergy  and  charge  must  be  recovered.  An  appropriate  technique  to 
achieve  this  is  discussed  in  the  next  section. 


ELECTROSTATIC  ACCELERATOR  PEL  WITH  Zh'ERCY  RECOVERY. 

As  noted  in  the  introduction,  the  power  and  efficiency  of  a 
free  electron  laser  can  be  substant ially  improved  if  the  energy  of 
the  spent  electron  bean  is  recovered.  Using  electrostatic  accelera¬ 
tors  this  is  done  in  a  straight  forward  way  as  shown  in  Figure  2. 

After  interacting  with  the  FEL  the  spent  electron  beam's  kinet¬ 
ic  energy  is  reduced  fron  a  few  megavolts  to  a  few  kilovolts  by  the 
elec trostatic  decelerating  column  shown  in  the  figure.  Subsequent¬ 
ly,  the  relatively  low  kinetic  energy  bears  enters  the  electron 
charge  collector  where  the  electrons  are  separated  according  to  en¬ 
ergy  and  captured  by  the  collector  surfaces  with  minimum.  pro-  duc- 
tion  of  heat  or  ionizing  radiation.  The  technique  of  recovering 
electron  beam  energy  by  means  of  "depressed  collectors"  is  used  fre- 
cuently  with  marry  modern  microwave  tubes  as  discussed  by  Kechtel 

[Si  . 


Figure  2.  An  electrostatic  accelerator  FKT.  operating  with  electron 
team  energy  recovery. 

The  battery  shown  between  the  cathode  and  collector 
th  -  energy  lost  by  the  electron  be;.-,  to  FIX  radiation.  1  j. 


replaces 
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represents  the  amount  of  electron  bean  current  recovered.  Note 
that  Ij,  is  a  conduction  current  while  is  a  true  bean  current. 
Equation  (1)  oust  be  modified  to  include  the  recovered  current 

dV  _  _  L  r I  - 1  - |  ]  (6 

dt  C  1  B  C  R 


C  ^ 1 B~ ' C  'r> 


It  follows  fr on  the  above  equation  that  a  steady  state  regime  can  be 

obtained  (—  =  0)  when 
'dt 

Vr  =  'c  ^ 

Tnat  is  to  say,  the  potential  of  the  high-voltage  terminal  will  not 
change  if  the  amount  of  electron  current  lost  in  the  system 

is  equal  to  the  charging  current  7,,.  For  this  scheme  to  work  it  is 
thus  important  to  recover  as  much  of  the  electron  beam,  current  as  it 
is  possible.  However,  even  if  all  of  the  beam  current  is  not 
collected  it  is  still  possible  to  operate  the  FEL  with  reasonably 
large  values  of  power  and  efficiency.  For  example,  assume  that 
Iy=I„(l-a  )  where  is  the  fraction  of  beam  current  lost.  The  max¬ 
imum  electron  pulse  length  that  car.  be  used  with  a  FEL  is  obtained 
by  modifying  equation  (3)  to  read: 

,  .  .  ,  R  CV  CV 


2N(1b’r 


For  example,  if  10%  of  the  initial  beam  current  cannot  he  recovered 
then  using  (6)  with  <-"-0.1  and  the  values  for  C,V,!i,Tj.,  and  1^.  used 
in  the  example  discussed  in.  the  previous  section  the  following 
result  is  obtained: 

^4x;  *  10<At W 

Hence,  the  maximum  pulse  length  that  can  be  used  with  the  FEL  has 
increased  from  [At]^,^  r-°  ener£y  recovery  to  10  times 

when  10%  of  the  beam  current  is  not  recovered.  Also,  in  this  exam¬ 
ple  the  average  power  and  overall  efficiency  has  also  been  increased 
by  a  factor  of  10.  The  ideal  situation  is,  of  course,  to  recover 
all  of  the  electron  bean  current. 

Table  II  summarizes  the  possible  performance  of  single-stage 
elec trostatic  accelerator  free  electron  lasers  having  various  levels 
of  electron  beam  energy  and  current  recovery.  The  efficiency  figure 
is  defines  as  follows: 


AVERAGE  POWER 
e  1004. 


Table  II.  Performance  of  electrostatic  accelerator  free  electron 
lasers  with  various  degrees  of  energy  recovery.  (V--5MV,  C-~200  pi¬ 
cofarads,  Ik=2A,  1^  =500  UA,  ti=250) 

-•  P  (peak)  P~  [lt]MAX  Efficiency 


1 

2  OkU 

5W 

77* 

10  sec 

.025% 

0. 1 

20kW 

50W 

10  '’sec 

.025% 

0 

20kW 

20  kW 

CO 

100% 

The  results  shown,  in  Table  II  indicate  that  with  electron  beam 
energy  recovery  (a  <  1)  it  is  possible  to  operate  FELs  at  high  power 
and  high  overall  efficiency  using  electrostatic  accelerators  ever,  if 
the  charging  current  T^.  is  small.  Also,  since  during  the  electron 
beam  collection  process  the  electrons  have  only  small  kinetic  ener¬ 
gies,  the  amount  of  ionizing  reaction  produced  is  small.  A  more  de¬ 
tailed  discussion  of  the  electron  collection  process  can  be  found 
elsewhere  in  this  book  under  the  title  "The  UCSB  FKL  Experimental 
Program" . 

Note  that  in  the  calculation  of  overall  efficiency,  power  sup¬ 
ply  losses  have  not  bean  included.  If  these  losses  are  taken  into 
account,  then  in  some  cases  the  overall  laser  efficiencies  are  ex¬ 
pected  to  be  as  high  as  50%  if  all  the  charge  and  energy  in  the 
electron  bean  is  recovered. 


TWO- STAGE  FREE  ELECTRON  LASERS  USING  ELECTROSTATIC  ACCELERATORS. 

The  two-stage  FEL  concept  13]  vas  developed  in  1978  at  Stanford 
University  as  a  means  of  generating  tunable  coherent  radiation  at 
short  wavelengths  using  low  energy  electron  beans,  such  as  the  ones 
available  from  electrostatic  accelerators.  If  the  techniques  of 
electron  beam  energy  recovery  discussed  previously  are  also  used 
with  two-stage  FF.Ls  then  a  considerable  anount  of  laser  power  can 
be  produced  in  the  1000A  to  50  ;m  wavelength  range  using  convention¬ 
al  low  voltage  electrostatic  accelerator.  The  simplest  configura¬ 
tion  of  a  two-stage  FEL  is  illustrated  in  Figure  3. 

As  shown  in  the  figure  a  conti:'.  :oi:s  beam  of  nonochrom.it ic  elec¬ 
trons  of  energy  K~y  rsc.7 emerges  from  the  electrostatic  accelerator 
column  shown  on  the  left  side  of  tV. ;•  figure.  The  been  interacts 
with  the  FEL  viggler  to  excite  e  long  wavelength  laser  TEMoo  mode 
which  resonates  between  the  two  spherical  mirrors.  The  wavelength 
cf  t’nis  mode  is  given  approximately  bv  the  relation 
lo 
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uriere  A  is  the  period  of  the  magnetic  wiggler,  Alnc  is  the  energy 
of  the  incoming  electrons.  The  resonator  mirrors  are  constructed  of 
highly  reflective  materials  at  the  operating  wavelength  A  to  allow 
the  intensity  of  the  optical  mode  to  grow  to  values  in  the  range 
lO-lO^lSwatts/ca2 .  At  this  high  level  of  optical  power  density 


Figure  3.  A  simple  two-stage  FEL  scheme  using  electrostatic  ac¬ 
celerators  with  electron  beam  energy  recovery. 

the  same  electron  beam  can  interact  again  with  the  intense  optical 
rode  to  produce  coherent  radiation  at  a  much  shorter  wavelength 

,  Ajp  Xo 

A  "  V  8y* 

Tne  short  wavelength  optical  rode  (second-stage  FF.L)  is  shown  in 
white  as  a  TEMoo  gaussian  node  propagating  along  the  axis  of  the 
resonator. 

A  second  two-stage  FIT.  scheme  is  illustrated  in  Figure  4.  Here, 
reonrate  electron  beams  are  used  to  excite  independently  the  first 
and  second  FEl.  stages.  The  major  advantages  of  this  scheme  are:  a) 
the  wavelength  of  the  second  stage  can  be  tuned  without  perturbing 
the  operation  of  the  first  stage,  b)  the  small  signal  gain  of  the 
second  stage  laser  can  be  optimized  by  choosing  correctly  the  ratio 
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e:  pump  wavelength  A  to  s ’cond-stcv-;  wavelength  A  and  c)  the  FKI. 
i~ toract ion  length  ^of  the  second  stage  can  be  adequately  controlled 
u ;  _ eg  independent  electron  beam  optic  components.  Table  IV  summar¬ 
izes  the  operating  characteristics  of  a  two-stage  FEL  operating  at 
two  different  wavelengths. 


ION’  F.E.AM  REQUIREMENTS. 


Bean  Quality  Requirements.  In  a  free  electron  laser  the  axial 
velocity  3  of  the  electron  bean  determines  whether  or  not  the  elec¬ 
trons  radiate  coherently.  The  oa:-:ir.-zn  spread  of  axial  velocities 
that  car.  be  accepted  by  a  constant  reriod  FEE  wiggler  can  be  calcu¬ 
lated  from  the  energy  width  of  the  FF.l,  gain  curve  at  fixed 
wavelength.  The  maximum  velocity  zprcad  that  can  be  accepted  by  a 
TEL  is  given  by 

I5U„ax-  “  *k>  »> 


'  2.V 

•-here  li  is  the  number  of  magnetic  p-: 
the  relativistic  energy  of  the  : 
spaed  of  an  electron  in  the  beam  ar: 
sneed  then  in  a  FEL: 


riods  in  the  wiggler  and  yr.c2  is 
lectron  beam.  If  f>  is  the  total 
3j  is  its  total  transverse. 


s?  =•  +  s2  *  ™  +  y 

7.  i  7  y  10 

K  __  lelBA0 

-mare  y  2;,mcy  is  the  transvers- 
electron  from  the  magnetic  wiggler. 
r.atic  field  on  axis  and  >v  is  the 
wiggler  structure.  2  is  the 
electrons  with  respect  to  the  axis  c 
the  electron  is  injected  into  the 
rr.gle.  Changes  in  S?  can  thus  origi 
£  .  Equation  (10)  can  be  used  to  e 

tlon  to[o3  }  from  variations  in  B  a 


for  fixed  3 


•  peed  ('IRS  units)  acquired  by  the 
B  is  the  rns  value  of  the  rag- 
periodicity  of  the  magnetic 
transverse  drift  velocity  of  the 
f  the  wiggler.  p,  is  finite  if 
magnetic  structure  at  the  wrong 
mate  from  variations  in  B  and 
stimato  separately  the  contribu¬ 
te!  r  .  If  p  is  held  fixed  then 

J.0 


r  n  1  =  _ 


and  2)  for  fixe 

[53  1 

1  7.  C 


it  has  beer,  as'umer.  that  5 ;  8  •  In  n  constant  period  nan- 

-10  ^ 

the  magnetic  f  1  -•  Id  st  n  di  -.0  >:  from  the  axis  is  given  np  - 

..‘.r.ifrly  by:  B  io'.-U  (‘ TT- ,  :  %  s  '-y) .  foi  Sfi.il?  x,  u  f’/b  :  J  (-*-*)  * 


•  ;r :: r .  i  ( ?  1  y  by :  E'»*x ,  /  )  B  :osfi  ( ‘ 

.  r  •  1  O  .  C . 

trie  fractional  cnarvy-  m 
h.glnr.  Using  thir  r.-lz-  ion  and 
’hie  to  estimate  th..  maxi’.'--'’ 
■d  with  a  given  F‘!  wiggler. 


>.o  •  .  '  K>  o  ' 

:'e  t  i  c  field  iv’.i  r  fit.’  a  >:  I »;  of  the 

nations  (9)  and  (10)  it  is  pos 

•rtrou  hen;.:  radius.  V  that  can  be 


II 


k  = 


Ao 

2,:K\  H 


(13) 


Frcn  equations  (12)  and  (9)  a  Max  ir.ua  acceptable  electron  bean 
divergence  angle  can  be  derived: 

(14) 


e  = 


i 


YV2P" 

z 

r-.d  finally  from  relations  (13)  and  (14)  a  naxi.raun  acceptable 
transverse  electron  bean  eaittance  cm  be  obtained: 

Ao 


e  <  OR  = 


2ttV2 


(15) 


Ny  n- 


The  transverse  effects  introduced  through  equation  (li)  can  in 
principle  be  minimized  provided  low  wiggler  magnetic  fields  are 
used.  This  is,  of  course,  accomplished  at  the  expense  of  reducing 
the  available  snail  signal  optical  gain.  Also,  reducing  the 
transverse  dimensions  of  the  electron  bean  will  result  in  a  smaller 
value  of  [53_]  in  equation  (11).  Equation  (12)  describes  the  con¬ 
tribution  to 

velocities  in  the  beam.  The 
velocities  can  be  traced  back  to  the  electron  gun  cathode  (thermal 
effects)  and/or  to  the  electron  h  an  accelerator.  Their  contribu¬ 
tions  to  [63  ]  can  be  described  as  fallows: 


'53  result  ir.g  from  the  spread  in  transverse  electron 
tna  beam.  The  sources  of  such  transverse  electron 


*°82J/iAX 


Jl 

_  Y 


v3\  me' 


1 

2N 


*°Sz*MAX 
[6SJ 


1 

—l 

_  Y 


£ 

V  me  2 


I 

2fiy  2 


z  EMITTANCE 


3  x  JO 


-5 


VZ-3‘ 


io"5h  j 


16Sz]KAX 


I 

2Ny2 


(16) 


(17) 


(18) 


[o32)t„  and  [5^)^  are  t’ 
iations  in  longitudinal  and  tra 


the  con- 
nsverr.e 


where  T  is  the  cathode  temperature,  [5 3  ) 
tributions  to  ^3^  from  vari 

cathode  thermal  velocities  respectively.  | TTANCF  1  s  an 

pineal  relation  between  transverse  eaittance  e(rnrn-nrecl)  and  elec¬ 
tron  beam  current  1(KA)  derived  by  T.avson  and  PennerJO): 

O.3/I 


e  - 


Yd 


in  sic*  3  lists  the*  elect  run  beau  qu; 
operate  singl e-sta.ge  and  two-stage 

J  m  |  *  1  is  the  Minimum  current  den.-;'.' 
a  i07,  snail  signal  gain/pass. 
Lawson-penner  condition.*;  and: 


litv  requ i remetit  necessary  to 


required  to  operate  the  KEF.  with, 
has  been  calculated  from  t  in* 


-r.nx 
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f ' c.  1 

1  2 1  EM ITTANCE 


1 


MAX 


1_0; 

6N 


(522) 


cn4 


1°SZ*MAX 


JHAX^'mp/Cfn  ^ 
(from  Lawson- 
Penne  r  eq . ) 


Tab  1 e  3  .  El ect ton 

Beam  Quality  Calc 

ulat ions 

SINGLE 

STAGE  FEL 

TWO- 

STAGE  FEL 

\ 

100-n 

4pm 

16pm 

4oooft 

Y 

7 

50 

7 

20 

R  (mm) 

2 

2 

0.4 

1-3 

ti 

203 

200 

600 

8000 

KT(eV) 

0.2 

0.2 

0.2 

0.2 

J 

MIN  c? 

(104  gain) 

3 

10 

100 

5000 

(£6  ]  Tii 

lsszW 

0.02 

0.003 

0.06 

0.28 

[oB?]Tx 

10~5 

I0-6 

3x1 o“5 

^r 

i 

o 

103 


100 


33 


J  depends  only  on  the  number  of  viggler  periods.  The  calculations 
listed  in  Figure  5  indicate  that  the  major  source  of  originates 

from  the  enittance  relations  Lawson  and  Fenner.  It  can  be  seen  from 
Table  5  that  to  operate  two  stage  FF'.Ls  at  short  wavelength  (  -4000A) 
the  transverse  omittance  of  electron  beams  has  to  improve  by  a  factor 
c:  100  with  respect  to  the  value  calculated  from  the  I.awson-Penner 
relation.  Single-stage  FF.Ls,  on  the  other  hand,  can  operate  with  the 
i~  i  t  tance  calculated  from  the  Laws-' -.'.-Fenner  relation. 

h.  Bear'  Current  Requi  cement  s  and  I.  ,.r  Power  Output.  The  optical 
s  -.11  s i g»;'i  1  particle  region  can  !>;•  •. Tilton  in  KMS  units  as  follows 
3/5*  '.</■ 

G  \  [_.±o.  .  f;/.  1  H 

(1 (K?) ' 1  r> 
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where : 

A  -  signal  wavelength 

1  c-  magnet  period 

B  ~  P>1S  magnetic  field  on  axis 

1  =  electron  beam  current 

i;  =  r.uaber  of  magnet  periods 

r  -  optical  beam  radius 

l’>  r  qA0B/2amc 


The  above  gain  equation  has  been  normalized  to  give  the  correct  gain 
value  for  the  Stanford  FEL.  It  is  assumed  here  that  the  electron 
bean  radius  R  is  smaller  or  equal  to  the  optical  beam  radius.  At 
saturation  (i.e.  v;her.  the  small  signal  gain  is  reduced  by  a  factor 
o:  2)  the  amount  of  power  that  can  be  extracted  from  the  electron 
beam  as  laser  radiation  is 


P  -  -- 


JV 

2M 


The  electron  bean  requirements  and  the 
of  a  single-stage  free  electron  lr. 
Table  4.  Similarly  Table  5  sen-narixus 
of  a  two-stage  FEL  based  on  the  sc’.  . 


typical  expected  performance 
ser  has  been  incorporated  into 
the  operating  characteristics 
illustrated  in  Figure  4. 


Table  4  .  Performance  of  a  single-stage  FEL  and  required  electron  bean: 
character i st i cs . 


Wave length  (pm) 

360 

Magnet  period  (cm) 

3 

r  magnet  periods 

100 

Magnetic  field  (r) 

Small  signal  gain  (Amp  ^) 

0.06 

0.60 

Average  laser  power  (kU/ Amp) 

15 

Overall  efficiency  (', ) 

-50 

Elect,  beam  energy  (MjV) 

3 

Maximum  transverse  mi  t  fence  (rim 

a  a  !)  7,12? 

Maximum  Afl/y 

5x1  o'  ■* 
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Table  5.  Performance  of  a  two-stage  FEL  and  required  electron 
beam  characteristics. 


Wavelength  (urn) 

Pump  wavelength  (ytn) 

2 

Pumpwave  intensity  (MW/cm  ) 
Interaction  length  (m) 

Small  signal  gain  (Amp~l) 
Power  output  (kW/Amp) 

Overall  efficiency  (X) 

Elect,  beam  energy  (MeV) 
Maximum  transverse  emittance 
Maximum  Ay/y 


0.4 

16 

600 

4000 

250 

60 

2.4 

1.2 

5xlO-3 

8x10“  3 

0.5 

2 

0.3 

1.5 

9-38 

3.55 

(tam-n  rod)  r,  0.8 

tt10 

6x10"* 

0 . 8x  H)~  3 

CONCLUSIONS. 

The  operations  of  s ingle-stage  and  two-stage  free  electron 
lasers  using  the  electron  beans  produced  by  electrostatic  accelera¬ 
tors  has  been  discussed.  The  techniques  of  ele.c.t.ron  bean  energy 
recovery  reviewed  ir.  this  chapter  can  be  used  to  produce  intense 
beans  of  coherent  electromagnetic  radiation  in  the  far  infrared  re¬ 
gion  with  high  levels  of  efficiency  with  present  electrostatic,  ac¬ 
celerator  technologies.  At  shorter  wavelength  high  power  laser  ra¬ 
diation  can  also  be  produced,  but  only  at  reduced  overall  efficien¬ 
cy.  It  nay  be  possible  be  produced,  but  only  at  reduced  overall  ef¬ 
ficiency.  It  reay  be  possible,  to  extend  the  operating  wavelength  re¬ 
gion  of  single-stage  electrostatic  accelerator  free  electron  lasers 
into  the  visible  region  with  the  advent  of  new  HV  technology. 


REFERENCES. 


1 . 

L.R. 

Elias,  W.H. 

Fairbank, 

J 

t.J.  Made 

y,  H.A. 

Schwettman,  T. 

T. 

Smit 

h,  Phys.  Rev 

.  Lett.  36, 

71 

7(1976). 

O.A.C. 

Deacon 

,  I..R. 

Eli. 

J.M. 

J.  Madey,  H. 

A.  Schwettm 

an, 

T.I.  Sim 

ith,  l’liy 

n.  Rev. 

Lett. 

3«, 

89  2  ( 

197/)  . 

2. 

N.M. 

Erol 1 ,  R.Mo 

rton,  N.M. 

Ro: 

.-•nbl  nth. 

SRI  To 

elm  Leal 

Report 

JSU  • 

79  01  ,  SIM  t 

nt  ernat  i  on.a 

1  0 

9  SO)  . 

3. 

l..k. 

1.1  ins,  liniv 

ers 1 1  y  of  C 

a  1  i 

for iii.a  a 

t  Santa 

D  u  bnra 

,  Qu.ant 

mu 

Inst 

it  ute  Rffior t 

Q1  FEi.ocn/ 

SOI 

;i980). 

4. 

J.M. 

K.  Madey  and 

K.  Taber. 

PI 

•y«; ics  of 

Quant  iih 

L  1  ec  t  1 

on  i ( 

Vol 

/,  C 

hap.  TV,  7/4 

(Add  i  son  -W 

si. 

•y  Pnbl is 

liing  Co. 

( 1 9 SO)  . 

15 


5.  A.  Renieri,  Report  77.33,  CKEN-Centro  di  Frascati,  Kdizione 
Scientifiche  C.P.  65,  00044,  Frascati,  Rome,  Italy(L977).  L.R.  Elias 
F.lias,  J.H.J.  Madey,  T.I.  Smith,  Stanford  High  Energy  Physics 
Laboratories,  Report  HEPL-824 (1978) .  To  be  published  in  Applied  Phys 

6.  J.M.J.  Madey,  Ph.D.  thesis,  Stanford  University  1970,  p.  150, 
unpublished. 

7.  L.R.  Elias,  Phys.  Rev  Lett.  42,  977(1979). 

S.  J.R.  Hechtel,  IEE  Trans.  Electron  Devices,  ED-27*,  9(1977). 

9.  V.K.  N’eil ,  "Emittance  and  Transport  of  Electron  Reams  in  a  Free 
Electron  Laser",  JASON  Technical  Report  JSR-79-10.  SRI  Inter- 
national(1979) . 


DATE 

FILMED 


